.5 (67.8%) ng/ml. In Study 2, during a 5-minute ad libitum puffing period, cigarette C max was 7.2 (130.8%) ng/mL, and it was 7.8 (108.2%) ng/mL for the e-cigarette. Conclusions: Our data demonstrate heterogeneity of nicotine deliveries both between products and also with the same products used by different cohorts, eg, accustomed users versus smokers. Such differences must be taken into account when determining the likely behavioral impact, on smoking reduction and cessation, of nicotine delivery data and when planning e-cigarette nicotine pharmacokinetic studies.
S
moking is a leading cause of numerous human diseases including lung cancer, chronic obstructive pulmonary disease, and atherosclerotic cardiovascular disease. The addictive properties of cigarette smoking are primarily due to nicotine, a chemical found naturally in tobacco leaf that transfers into cigarette smoke. Nicotine is absorbed rapidly into the bloodstream during cigarette smoking, 1 from where it is distributed causing both systemic and central effects. In the central nervous system, nicotine acts at neuronal nicotinic receptors and this interaction may underpin its effects on mood and relaxation. The pharmacokinetic profile of nicotine during cigarette smoking is a rapid rise and fall in plasma nicotine concentrations. Correspondingly, the delivery of nicotine to the brain, and the consequent pleasurable effects experienced by the smoker, are also rapid.
Whereas nicotine dependence underpins the addiction to cigarette smoking, nicotine itself is not thought to convey a risk of smoking-related disease. It is now generally acknowledged that the harmful effects of smoking are caused by exposure to some of the 6500 or more identified chemical constituents 2 in the particulate and vapor phases of cigarette smoke. The health risks associated
Objectives: E-cigarettes could potentially play a major role in tobacco harm reduction by delivering nicotine in a vapor containing significantly fewer toxicants than cigarette smoke and may aid smoking behavior changes such as reduction or cessation. Methods: We examined blood nicotine levels in smokers who were non-accustomed to e-cigarette use (Study 1) and accustomed e-cigarette users (Study 2). We compared nicotine levels when participants used a closed modular system e-cigarette to those when participants smoked a cigarette. Results: In Study 1, C max (geometric mean (CV)) during a 5-minute puffing period (10 puffs, 30 seconds apart) was 13.4 (51.4%) ng/ ml for a regular cigarette. The e-cigarette C max was significantly lower (p < .05) at DOI: https://doi.org/10.5993/AJHB.41.1. 2 with cigarette smoking are correlated with duration of smoking and degree of daily cigarette consumption. 3, 4 Therefore, behavioral changes of either substantially reducing cigarette consumption or complete cessation are likely to have a positive impact on a smokers' health by reducing their relative risks of smoking-related diseases. This hypothesis is a key principle underpinning the concept of tobacco harm reduction; 5 moreover, in a committee-led evaluation of the available science, the US Institute of Medicine reported: "…for many diseases, reducing tobacco smoke exposure can result in decreased disease incidence with complete abstinence providing the greatest benefit." 6 The potential for such behavior change in reducing harm by reducing toxicant exposure depends however on the user's behavior, such as frequency and intensity of use and their co-use with other tobacco products. 6 E-cigarettes are electronic devices that aerosolize a solution, either with or without nicotine, into an inhalable vapor. For nicotine-containing e-liquids, in the absence of both tobacco and combustion as a means of transferring nicotine into the inhaled matter, e-cigarettes deliver a vapor that is considered considerably less toxic than cigarette smoke, 7, 8 due to reductions in exposure to chemical toxicants. [9] [10] [11] Indeed, an independent scientific expert panel utilized a multi-criteria decision analysis approach, incorporating numerous aspects of harm to users, to demonstrate the potential reduction in harm of e-cigarettes compared to combustible cigarettes, 12 a conclusion recently endorsed by both Public Health England and the UK Royal College of Physicians (RCP). 13, 14 The use of e-cigarettes in helping smokers either reduce or quit smoking has been proposed as having the potential to play a major role in tobacco harm reduction, 11, 13, 14 and this potential is further supported by data from large cross-sectional and longitudinal survey studies in the United Kingdom (UK). 15, 16 The cross-sectional data also suggest that e-cigarettes are a more effective aid to cessation than more traditional nicotine replacement therapy (NRT) products, 15 though the reasons for this are not fully clear. However, in general, the delivery of nicotine from NRT products is relatively slow and the pharmacokinetic profile does not fully resemble that of cigarettes. 17, 18 The time to maximum blood nicotine concentration (T max ) tends to be longer and the maximum nicotine level (C max ) is not characterized by a sharp peak, but by a lower and flatter peak. The e-cigarette pharmacokinetic profile, however, is closer to that of a cigarette, in terms of both T max and Cmax, [19] [20] [21] [22] and the development of new-generation devices has improved this even further. 23, 24 The potential role of such nicotine delivery in supporting cessation and preventing relapse was highlighted by the UK RCP as one of the features of e-cigarettes, along with replacing behavioral components of smoking, which has contributed to their popularity as a quitting aid and their effectiveness relative to NRT.
14 Furthermore, although data point to a lower efficacy of NRT as a cessation aid compared to e-cigarettes, 15 NRT clearly does aid smoking reduction and cessation and a role for nicotine delivery in this support has also previously been suggested. 25, 26 Historically, numerous studies have been performed examining blood nicotine levels in participants smoking a cigarette or using other tobacco products such as snus. 18 More recently, similar studies also have been performed in users of e-cigarettes. Such studies are critical to determine the harm reduction potential of e-cigarettes because they allow the determination of nicotine delivery from e-cigarettes relative to combustible cigarettes, a key factor in supporting behavior change in smokers and facilitating smoking reduction or cessation. In this paper, we describe data from 2 nicotine pharmacokinetic studies in which we examined elevations in blood nicotine when participants used e-cigarettes under different puffing schedules and also in different cohorts of users (smokers who were familiar with but not current users of e-cigarettes, and accustomed e-cigarette users who were occasional cigarette smokers). We discuss the implications of these findings on our knowledge of the potential for e-cigarettes to contribute to tobacco harm reduction by facilitating smokers' behavior change.
METHODS

Participants
Study 1. This study was conducted at the clinical facilities of Celerion, Inc, Belfast, UK in accordance with the principles of Good Clinical Practice. Participants were familiar with the use of e-cigarettes but not currently dual-using cigarettes and e-cigarettes. Thirty-seven participants underwent screening procedures to ensure that they met the requirements for inclusion, within 30 days prior to participation in the study. We used the RECapproved informed consent form (ICF) to collect written informed consent from all participants prior to completion of the screening or other study procedures. Twenty-four participants (17 men and 7 women) were enrolled for participation in the study; 2 participants withdrew from the study and the remaining 22 participants properly completed the study and were included in the analyses. All participants were required to be between 21 and 55 years of age and had smoked 10 or more manufactured cigarettes per day for at least 12 months prior to the study start. Participants' current brand of cigarette was required to be of a machine-smoked International Organization for Standardization (ISO) tar yield of 8-10 mg. All participants tested positive for urine cotinine (>200 ng/mL; One-Step) and had an exhaled breath carbon monoxide (eCO) measurement of ≥10ppm (Smokerlyzer, Bedfont Scientific Ltd, Maidstone, UK) at screening. Participants were in good health as determined by medical history, vital signs, blood biochemistry, haematology, urinalysis and physical examination. Exclusion criteria included a history of clinically active significant mental or physical health condition, current pregnancy or breastfeeding, clinically significant blood pressure abnormalities, positive urinary drugs of abuse screen, use of tobacco or nicotine-containing products other than manufactured cigarettes and e-cigarettes, and use of any prescription smoking cessation treatments within 30 days prior to Day 1 product administration and throughout the study. We also excluded persons using medications known to interact with cytochrome P450 enzymes within 28 days prior to Day 1 product administration. Appendix 1 of the Supplementary Information shows the full inclusion and exclusion criteria. Study 2. This study was conducted at the clinical facilities of Los Angeles Clinical Trials (Burbank, CA, USA.) in accordance with the principles of Good Clinical Practice. Participants were required to be between 21 and 55 years of age and current users of second-generation (eg, cartomiser or tank-type) e-cigarettes, and had been using these devices for at least 3 months. Participants were required to be occasional smokers of combustible cigarettes (lower limit of 1 cigarette per month; upper limit of 5 cigarettes per week). Twenty-five participants underwent the screening procedures to ensure that they met the requirements for inclusion within 30 days prior to participation in the study. The IRB-approved ICF was used to collect written informed consent from all participants prior to completion of the screening or other study procedures. Eighteen participants (12 men and 6 women) enrolled for participation in the study; no participants withdrew and data from all participants was included in the analyses. All participants tested positive for urine cotinine (≥200 ng/mL; NicAlert) and negative for urinary drugs of abuse at screening. Participants were in good health as determined by medical history, vital signs, blood biochemistry, haematology, urinalysis and physical examination. Exclusion criteria were as for Study 1. Appendix 1 of the Supplementary Information shows the full inclusion and exclusion criteria.
Study Products
During clinic visits, each participant received a test product (market-typical combustible cigarette or e-cigarette) to use according to the study randomisation schedule. Tables 1 shows details of each product, including their machine smoked nicotine yields.
Study Design and Procedures
Study 1. This was a part-randomized, partblinded, crossover study conducted in 24 healthy male and female volunteer smokers. For each study visit, we asked participants to abstain from using any tobacco or nicotine products and avoid specified foods and drinks for 12 hours before product administration until after the visit was complete.
Compliance with tobacco product abstention was confirmed by eCO measurement <15ppm.
On the morning of Visit 1, we asked participants to smoke a single cigarette by taking a single puff every 30 seconds (10 puffs in total) before extinguishing the cigarette. If a participant reached the end of their cigarette before 10 puffs had been taken, they were required to light another cigarette to take the remaining puffs. After a time of 15 minutes from the first cigarette puff, we allowed participants to smoke cigarettes ad libitum for a period of one hour. During both smoking periods, we drew blood samples at specific time points (see section on plasma nicotine measurement) for plasma nicotine analysis. Additionally, we administered a single-item questionnaire to examine the urge to smoke a cigarette by asking: "Right now, how much would you like a cigarette?" at specific time points (-2, 1.25, 3.25, 5.5, 7.5, 10.5, 14.5, 30, 45, 60, 75 and 90 minutes). Smoking urge was rated on a 7-point Likert scale, ranging from 1 (not at all) to 7 (a great deal).
At the end of Visit 1, we provided participants with an e-cigarette and cartridges and were asked to use the e-cigarette so that they became familiar with it before returning to the clinic for Visit 2. The time between Visits 1 and 2 was 2 days. During Visit 2, we followed the same procedures described for Visit 1, but nicotine pharmacokinetics were examined when participants used the e-cigarette instead of smoking a regular cigarette. The same puffing regimens (1 puff every 30 seconds for 10 puffs then ad libitum use between 15 minutes and 1 hour) were used for both cigarettes and e-cigarettes.
Study 2. This was a part-randomized, open-label, crossover study conducted in 18 healthy male and female volunteer participants, who were accustomed and regular users of e-cigarettes and who occasionally smoked conventional cigarettes. For each study visit, we asked participants to abstain from using any tobacco or nicotine products and to avoid specified foods and drinks for 12 hours before product administration until after the visit was complete. Compliance with tobacco product abstention was confirmed by eCO measurement <10ppm.
On the morning of Visit 1, we asked participants to smoke a single cigarette, taking ad libitum puffs for a period of 5 minutes. If the participant finished the cigarette before the end of the 5-minute period, no more cigarettes were allowed to be smoked. The smoking period was video-recorded to determine the number of puffs taken during the smoking period. Before, during, and after the 5-minute smoking period, we drew blood samples at specific time points (see section on nicotine measurement) for plasma nicotine analysis. At the end of Visit 1, participants were provided with an e-cigarette, selected from the 4 different e-cigarettes at random according to a computer-generated randomization schedule. We asked participants to use the e-cigarette so that they became familiar with that e-cigarette, before returning to the clinic for Visit 2. The time between Visits 1 and 2 was at least 2 days.
On Visit 2, we followed the same procedures de- Note. BMI=body mass index; N=number of participants; SD=standard deviation scribed for Visit 1, but participants used their assigned e-cigarette, instead of a regular cigarette, for nicotine pharmacokinetic analysis. At the end of Visit 2, participants were given a different e-cigarette according to their randomization schedule to use before returning for nicotine pharmacokinetic analysis.
Plasma Nicotine Measurement Study 1. We drew blood samples from a cannula placed in a forearm vein, at the following times from start of product use: -5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 14.5, 30, 45, 60, 75 and 90 minutes. One 6 mL K 2 EDTA Vacutainer® tube was collected at each time point for analysis of nicotine. We centrifuged the collection tubes at 2500 RPM for 15 minutes at 4°C within 60 minutes of collection. After centrifugation, the plasma was transferred to 2 methanol-prewashed polypropylene screw cap tubes and stored at 20°C (+/ 10°C) or below within 90 minutes from collection. We shipped the samples on dry ice for analysis to Celerion Bioanalytical Services (Lincoln, NE, USA.). An aliquot of plasma containing the analyte and internal standard was extracted using a solid phase extraction procedure. The extracted samples were analysed by an HPLC equipped with an AB SCIEX API 4000 TM triple quadrupole mass spectrometer using an ESI source. Study 2. We drew blood samples (3 mL) into 2 K 2 EDTA Vacutainer® tubes from a cannula placed in a forearm vein at the following times from start of product use: -5, 1, 3, 5, 6, 7, 9, 15, 40 and 60 minutes. The number and timing of samples drawn was different than in Study 1 because we were able to take data and learnings from Study 1 and apply them to Study 2 to minimize blood drawing without affecting study outcomes. The first drawn sample at each time point (labeled A) was kept at room temperature and shipped to a central labora-
Figure 1 Plasma Nicotine Levels in Smokers Smoking a Cigarette or
Using an E-cigarette in Study 1
Note. Participants smoked a combustible cigarette or used the Vype vPro ePen e-cigarette under controlled conditions (10 puffs, each separated by 30 seconds). We drew blood samples at the indicated time points and analyzed plasma nicotine levels. Data are geometric means ± 95% confidence intervals for between 23 and 24 participants in each case (Table 3) .
tory (LabCorp; Durham, NC, USA) for analysis of nicotine by liquid chromatography/tandem mass spectrometry (LC/MS-MS). 27 The second drawn samples (labeled B) were centrifuged at 2500 RPM for 15 minutes at room temperature within 60 minutes of collection. After centrifugation, the plasma was transferred to a polypropylene screw cap tube and stored at 20°C (+/ 10°C) or below within 90 minutes from collection. These samples provided backup in case samples need to be retested.
Data Analysis and Statistics
We carried out pharmacokinetic analysis was using SAS ® Version 9.3 (SAS Institute Inc., Cary, NC, USA.). Pharmacokinetic parameters were determined from the plasma concentrations of nicotine using non-compartmental procedures. Baseline nicotine-level adjustment was used to account for residual plasma nicotine and levels below the limit of quantification (BLQ) were imputed as onehalf lower limit of quantification (LOQ; 0.5 ng/ml). We obtained C max and t max directly from the plasma concentration-time profiles. Area under the curve (AUC 0-14.5 ) was calculated using the linear trapezoidal method. Study 1. To determine whether there were statistically significant differences between pharmacokinetic parameters, we determined the sample size for a paired t-test using Minitab® v17 (Minitab Inc., State College, PA, USA), with a power value of 0.8, alpha = .05, and standard deviations of 1 and 3.4 (obtained from published data when participants used e-cigarettes or smoked cigarettes). 18, 24, [28] [29] [30] [31] [32] AUC 0-14.5 was defined as the area under the curve from t=0 sample collection time-point until the 14.5 minute sample collection. C max and t max were independently determined for the controlled puffing period (1 -14.5 minutes) and the subsequent was calculated for the controlled period only. We compared differences between products using C max and AUC 0-14.5 . Changes in concentration were analysed using a mixed-model analysis, including product, sequence, and sex as fixed effects and participant (sequence) as a random effect. Statistical comparisons of log parameters were carried out between groups using ANOVA and post hoc ttest comparisons. Urge to smoke data analysis was also performed using ANOVA from the mixed procedure in SAS ® . Study 2. Sample size determination for a t-test with paired data was carried out with the power and sample size function in Minitab ® v17 using a power value of 0.8, alpha = .05, and standard deviations from Study 1. Therefore, this sample size was powered to detect a minimum difference in C max values of 3.6 ng/mL between a conventional combustible cigarette and e-cigarettes, and a difference of 1.1 ng/mL between e-cigarettes. AUC 0-60 was defined as the area under the curve from t=0 sample collection time-point until the 60-minute sample collection. We compared differences between products using logarithmic transformed C max and AUC 0-60 . Changes in concentration were analysed using a mixed-model analysis, including product as fixed effect and participant as a random effect. Post hoc adjustments for multiple comparisons were made using Dunnett's test for comparisons versus the control cigarette.
RESULTS
Compliance
In both studies compliance was high. No participants in either study failed exhaled carbon monoxide (eCO) screening at each clinic visit. Furthermore, baseline plasma nicotine levels for each participant at all clinic visits were low, typically <2 ng/ ml. This suggests that participants complied with the study protocol requirements for both cigarette and other nicotine product abstention.
Figure 2 Plasma Nicotine Levels in Smokers Smoking a Cigarette or Using an E-cigarette Ad Libitum in Study 1
Note. Participants smoked a combustible cigarette or used the Vype vPro ePen e-cigarette by taking ad libitum puffs. We drew blood samples at the indicated time points and analyzed plasma nicotine levels. Data are geometric means ± 95% confidence intervals for between 23 and 24 participants in each case (Table 3) .
Study 1
Study sample. Table 2 presents the demographic characteristics of the study sample. Of the 37 persons who underwent screening, 24 participated in the study. Of these, 22 participants completed all test product administration visits and the follow-up. Two participants discontinued the study; one participant was withdrawn from the study following a failed urinary drug screening test at Visit 2 and one participant withdrew from the study for personal reasons following Visit 3. Of the 24 participants who entered the study, 17 were male, 7 were female, and all participants were white. Participants were aged between 24 and 51 years inclusive and had a BMI between 18.0 and 29.8 kg/ m 2 inclusive. At screening there were no findings of clinical concern in the medical history for any participant. In addition, there were no baseline signs or symptoms of clinical concern prior to test product administration for any participants.
Nicotine pharmacokinetic parameters. During the initial period of controlled puffing while smoking a cigarette, as expected, plasma nicotine levels rose rapidly and reached a mean C max value of 13.4 (CV 51.4%) ng/ml (Figure 1 and Table 3). Plasma nicotine levels then declined during the non-smoking phase but rose again in the ad libitum puffing period, reaching a level of 14.9 (45.7%) ng/ml ( Figure 2 and Table 3 ). When participants used the closed modular Vype vPro ePen e-cigarette, plasma nicotine values during both the controlled and ad libitum puffing periods rose also, but to a lesser extent than that seen for the combustible cigarette. Mean C max for the controlled puffing period was 2.5 (67.8%) ng/ml while in the ad libitum period this value was 5.9 (61.1%) ng/ml (Figures 1 and 2) . For both the controlled and ad libitum periods, C max values were significantly lower
Figure 3 Changes in Smoking Urges Over Time in Participants Smoking a Cigarette or Using a Vype vPro ePen E-cigarette in Study 1
Note.
We assessed urges by asking the question: 'Right now, how much would you like a cigarette' at the indicated time points. Smoking urges were rated on a 7-point Likert scale, ranging from 1 (not at all) to 7 (a great deal). Data are median values with 95% confidence intervals, with 23 or 24 participants in each case (Table 4) .
than those seen for the combustible cigarette (p < .001 in each case). Mean area under the curve for the e-cigarette during the controlled puffing period (AUC 0-14.5 ) was 0.4 (60.5%) ng.h/ml, a value significantly lower than that measured for the cigarette (2.2 (45.5%) ng.h/ml; p < .05). Mean t max values were not significantly different between the cigarette and the e-cigarette. Urge to smoke. Following their overnight abstinence of at least 12 hours, we administered a single-item questionnaire at various time points following the initiation of smoking a cigarette/using the e-cigarette. Figure 3 shows changes in the urge to smoke scores over time during the controlled (Table 4) was not significantly different between the combustible cigarette and the e-cigarette (p = .23).
Study 2
Study sample. Table 5 presents the demographic characteristics of the study sample. Of the 25 potential participants who underwent screening, 18 entered the study and all participants completed all test product administration visits and the follow-up. Of the participants who entered the study, 12 were male and 6 were female. Participants were aged between 24 and 54 years inclusive, had a BMI between 19.1 and 29.9 kg/m 2 inclusive, and were of mixed race (Table 5) . At screening there were no findings of clinical concern in the medical history for any participant. In addition, there were no baseline signs or symptoms of clinical concern prior to test product administration for any participants. Nicotine pharmacokinetic parameters. As seen in Study 1, in this study plasma nicotine levels rose during a 5-minute ad libitum puffing period on a cigarette, reaching a mean C max value (CV%) of 7.2 (130.8%) ng/ml ( Figure 4 and Table 6 ). During this period, participants took an average of 14 ± 4 puffs on the cigarette. For the closed modular (Vype vPro ePen) and first-generation rechargeable (Nicolites) e-cigarettes, mean C max values were 7.8 (108.2%) ng/ml and 4.7 (93.6%) ng/ml respectively ( Figure 4 and Table 6 ). These maximum plasma
Figure 4 Plasma Nicotine Levels in E-Cigarette Users Smoking a Cigarette or Using One of Two Different E-cigarettes in Study 2
Note. Participants smoked a combustible cigarette or used their assigned e-cigarette (Vype vPro ePen or Nicolites) by taking ad libitum puffs over a period of 5 minutes. We drew blood sample at the indicated time points and analyzed plasma nicotine levels. Data are geometric means ± 95% confidence intervals for 18 participants in each case. levels were attained from an average of 20 ± 6 puffs for the closed modular e-cigarette and 21 ± 7 puffs for the first generation e-cigarette, and were not significantly different either to the combustible cigarette or to each other (p > .05 in each case). Inter-participant variability was high for C max , with values ranging, for example, from <LOQ to >40ng/ ml for the same product (Vype vPro ePen) in 2 different participants. This gave rise to relatively large coefficients of variation and confidence intervals in the dataset (Table 6 and Figure 4) . Area under the curve (AUC 0-60 ) was not significantly different between any of the 3 products examined (Table 6) . Furthermore, although the t max for the Nicolites ecigarette was higher than that for the cigarette or the Vype vPro ePen e-cigarette, again there were no statistically significant differences for this parameter between any of the 3 products examined (Table 6 ).
DISCUSSION
Electronic cigarettes are gaining popularity as a replacement for smoking combustible tobacco cigarettes and, in the UK, their uptake and use during quit attempts has grown markedly since 2012. 33 Data such as these highlight not only why e-cigarettes are gaining support as a potentially much less harmful alternative to cigarette smoking due to their significantly lower toxicant yields, [9] [10] [11] but also why they are increasingly considered as an effective facilitator of behavioral change by aiding smoking reduction and cessation. [15] [16] [17] 34 Understanding how e-cigarettes are supporting behavior change is critical to the development of effective products to help smokers quit, thus capitalizing on the harm reduction potential of e-cigarettes. 35 The delivery of nicotine, the major addictive element of cigarette smoking, from e-cigarettes can perhaps be considered as a key determinant of the efficacy of e-cigarettes in replacing combustible cigarettes in the hands of a quitting smoker. Effective nicotine delivery has long been considered to be important for the smoking reduction or cessation efficacy of NRT products, 25 and some data support this. 26 Regarding e-cigarettes as a facilitator of smokers' behavior change, some data also support the idea that e-cigarette nicotine delivery is equally important for their efficacy. 36 This notion is gaining support from healthcare agencies, such as the UK's Royal College of Physicians, that concluded in its 2016 report that "regulation of e-cigarettes and other similar products should….ensure that those that deliver nicotine do so in doses that smokers find satisfying, and encourage substitution for smoked tobacco." 14 If effective nicotine delivery is central to the efficacy of e-cigarettes as a harm reduction tool, studies measuring this nicotine delivery, such as those we present here, are crucial to being able to understand this role and to examine the potential for any given product in supporting behavior change. Whereas laboratory machine puffing or mathemat- ical modeling studies may give an indication of the potential nicotine delivery from an e-cigarette under human use conditions, 37, 38 nicotine delivery can only be accurately determined by blood sampling in clinical studies on volunteer participants. Our data show that e-cigarettes are effective at delivering nicotine during brief use periods. However, the predominant finding of our 2 studies was that the magnitude of this delivery, compared both to one another, and also to a market-typical combustible cigarette, was far greater in accustomed users during ad libitum puffing (Study 2) than in smokers who were not current users of e-cigarettes during a defined puffing period (Study 1).
This finding has important implications; foremost, it highlights the need for strong consideration of participant cohorts when designing a nicotine pharmacokinetic study. If nicotine delivery is considered a marker of potential efficacy, our data show that a study in smokers who are not accustomed to e-cigarette use may not support this potential (akin to a type II error) whereas a study in accustomed vapers may show nicotine delivery, in terms of C max , to be equivalent to a cigarette. In support of considering such a study design, some literature contains a number of studies, each using different protocols and, in many cases, reporting different outcomes from studies using apparently similar e-cigarettes. 23, 39, 40 Furthermore, although a potential limitation of our work reported here is the small number of studies on which our recommendation of cohort selection is based, such a proposal is supported by other studies which have highlighted the apparent behavioral adaptation when transitioning from smoking to vaping. 22, 41 Those studies reiterate the need for careful cohort selection when using nicotine pharmacokinetics to assess potential efficacy.
If design factors, such as study cohorts (in our case, current smokers who don't use e-cigarettes versus current vapers who only smoke occasionally) and instructions for product use (defined versus ad libitum puffing), can affect the experimental outcome of a nicotine pharmacokinetic study significantly, is there a potential need for standardization of study protocols between different research groups? Without such a standardized approach, nicotine delivery data from different studies may not be comparable. However, standardizing how pharmacokinetic studies are performed would have to take into account the cohort being recruited (smokers vs current e-cigarette users), the market in the location where the study will be performed (eg, whether low-or high-tar cigarettes are more commonly smoked), the desirability of a controlled 'dose' of nicotine by fixing the number of puffs taken during a study period as in Study 1, or whether a more real-world view of nicotine delivery is preferable by allowing participants to use e-cigarettes ad libitum, yet still in a clinical confinement setting, as in Study 2.
Our finding in Study 2 that nicotine delivery from a newer-generation e-cigarette matched that of a market-typical cigarette, in terms of C max and AUC, are in general agreement with those of Ramoa et al, 42 who also observed relatively high nicotine deliveries in participants who were long-term (>1 year) users of e-cigarettes. However whereas that paper concluded that e-cigarettes appear capable of exceeding the nicotine delivery profile of a combustible tobacco cigarette, the study did not make a direct comparison to a regular cigarette. 42 To do so would have been both ethically questionable because it would have involved requiring 13 of the non-smoker participants to smoke a cigarette, as well as being scientifically unsound, because vapers who are not current smokers may find cigarette smoking aversive, leading to low nicotine deliveries from a cigarette. In being able to compare a cigarette and an e-cigarette directly, our findings of comparable deliveries between these 2 types of products may help to alleviate concerns about dependency and cessation difficulty of those using e-cigarettes. 42 One further aspect for consideration when planning nicotine pharmacokinetic studies is the sample size. In the 2 studies reported here, variability of data obtained was greater in Study 2 than in Study 1. The reasons for the larger inter-individual differences in blood nicotine levels in the ecigarette users in Study 2 cannot be ascertained. However, a similar finding has been reported previously, albeit in e-cigarette naïve smokers; the finding was potentially due to a large degree of variability in puffing topography parameters observed between participants. 43 Whatever the source of the variability, those existing data and our findings in experienced vapers suggest that the planning of nicotine pharmacokinetic studies on e-cigarette users should take into account this potential for variability when performing power calculations.
In summary, data from 2 pharmacokinetic studies showed that elevation of blood nicotine levels during e-cigarette use was greater in experienced users when compared to e-cigarette naïve smokers and under more real-world conditions with unconstrained, ad libitum use. Careful selection of cohorts as well as standardization of study protocols may be required for data from different studies to be comparable. Furthermore, this would facilitate an assessment of the potential efficacy of an ecigarette in supporting behavioral change during smoking reduction or cessation and allow comparisons with nicotine delivery from combustible cigarettes to be made.
Human Subjects Statement
All participants provided written informed consent before undergoing any screening or study procedures. Participants will be males or non-pregnant, non-lactating females between 21 and 55 years of age inclusive.
• Women of child-bearing potential should be using one of the following acceptable methods of contraception, as defined in the MHRA document 'Recommendations related to contraception and pregnancy testing in clinical trials (http://www.mhra.gov.uk/idcm2/idcplg?IdcService=GET_FILE&dDo cName=CON2033037&RevisionSelectionMethod=Latest): combined (oestrogen and progestogen containing) oral, intravaginal or transdermal hormonal contraception associated with inhibition of ovulation; progestogen-only hormonal contraception, either oral, injected or implanted, associated with inhibition of ovulation; progestogen-only oral hormonal contraception where inhibition of ovulation is not the primary mode of action; intrauterine device (IUD); intrauterine hormone-releasing system (IUS); bilateral tubal occlusion; male or female condom with or without spermicide; cap, diaphragm or sponge with spermicide. Participants will have given their written informed consent to participate in the study and to abide by the study restrictions. • Prior to study start, participants must be daily smokers of at least 10 factory-produced cigarettes and have smoked continuously for a minimum of 1 year. Participants current brand of cigarette will have a machine-smoked ISO tar yield of 8-10 mg. Smoking status will be confirmed with a Smokerlyzer breath CO ≥10ppm and a urinary cotinine level of ≥200ng/ml (determined using One
Step cotinine test kit) at screening. Participants should be familiar with the use of ecigarettes but not currently dual-using cigarettes and e-cigarettes.
To be confirmed during each clinic visit:
• Abstention will be confirmed by an exhaled breath CO reading <15ppm. • Participants will have negative results for the urinary drug of abuse and alcohol screen. Continued inclusion in the study will be at the discretion of the Principal Investigator. Participants will have given their written informed consent to participate in the study and to abide by the study restrictions.
To be confirmed during each clinic visit:
• Abstinence from tobacco and nicotine products will be confirmed by an exhaled breath CO reading <10ppm.
Exclusion Criteria.
To be confirmed at Screening Visit:
• Participants who have a history of, or clinically active significant, neurological, gastrointestinal, renal, hepatic, cardiovascular, psychiatric, respiratory, metabolic, endocrine, haematological disease or other major disorders.
• Participants with significant allergies who in the opinion of the Principal Investigator should not be included.
• Participants who have been diagnosed with urticaria (hives) or asthma.
• Persons who have a history of urticaria (hives) in response to any product. • Participants with a recent history of or current drug or alcohol abuse who in the opinion of the Investigator should not be included. Excessive intake of alcohol within the last 6 months, defined as a regular maximum weekly intake of greater than 7 drinks for women or 14 drinks for men. One drink is defined as 1 pint of regular beer (5% alcohol), 200 ml of wine (12% alcohol), or 25 ml of distilled spirits (40% alcohol). To be re-confirmed during each clinic visit:
• Participant continues to meet all screening exclusion criteria. • Receipt of any medication since screening visit that may have an impact on the safety and objectives of the study (at the Principal Investigator's discretion).
